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Introduction
The preterm premature rupture of membranes (pPROM) is a major precursor of spontaneous preterm delivery [1, 2] . The microbial invasion of amniotic cavity (MIAC) is present in about 30-40% of patients with pPROM, and this contributes to an increased risk of preterm birth and adverse neonatal outcomes [3] [4] [5] [6] . Therefore, a more precise prediction of MIAC, especially using non-invasive methods, is important for improving pregnancy management and counseling in patients with pPROM.
Traditionally, an algorithm for MIAC prediction has been used which measures inflammatory biomarkers in the amniotic fluid (AF) obtained by amniocentesis, but is at present limited by the requirement of invasive sampling of the AF [6, 7] . Therefore, in recent years research has been focused on the identification of potential biomarkers present in specimens obtained non-invasively [e.g., maternal blood or cervicovaginal fluid (CVF)] that can accurately predict MIAC. However, no biomarkers measured in either the maternal blood or the CVF compartment alone have yet demonstrated to have sufficient sensitivity and specificity to replace the biomarkers obtained from the AF. Moreover, there is little data on whether the expression patterns of multiple inflammatory markers in non-invasive samples (i.e., CVF and maternal blood) are directly correlated with those in AF samples in the setting of MIAC in pPROM [8, 9] . The clarification of these issues is clinically relevant, not only to better understand the relative inflammatory and immune responses to microbes in the different compartments, but also to precisely identify MIAC while avoiding the risk and difficulty of invasive amniocentesis. Only one study has been published on this issue, but it is limited by a small sample size and the fact that not all non-invasive samples were simultaneously assessed in all AF samples [9] .
Recently, a multiplex immunoassay has been used in several research areas. This method allows measurement of multiple proteins, and we hypothesized that a combination of multiple biomarkers using both maternal plasma and CVF compartments (non-invasive samples) may increase the diagnostic accuracy of MIAC to clinically useful levels of accuracy with AF testing. In this context, we assessed the correlation among multiple cytokine levels in the maternal plasma, CVF, and AF compartments in women with pPROM, and developed a prediction model based on non-invasive measures, with better sensitivity and specificity for MIAC.
Materials and methods

Study population
This retrospective cohort study consisted of consecutive patients who were admitted to the Seoul National University Bundang Hospital with a diagnosis of pPROM (from 21+0 to 34+0 weeks gestation) between November 2008 and July 2014 and fulfilled the following inclusion criteria: 1) singleton pregnancy; 2) trans-abdominal amniocentesis performed to evaluate AF for infection or fetal lung maturity; 3) both maternal blood and CVF samples collected at the time of amniocentesis; and 4) aliquots of plasma, CVF, and AF samples available for analysis. Exclusion criteria were: multiple pregnancies, major congenital anomalies, vaginal bleeding, prior cervical cerclage, active labor (defined by the presence of cervical dilatation >3 cm by sterile speculum examination), and clinical signs of chorioamnionitis. A number of clinical data (but not the laboratory data) contained in this manuscript have been published in Acta Obstet Gynecol Scand (n = 37) and Reproductive Science (n = 58) [8, 10] . The diagnosis of pPROM was made based on the findings of a sterile speculum examination and a combination of pooling of fluid, nitrazine, and ferning tests. During the study period, amniocentesis for the retrieval of AF and CVF and plasma samplings were immediately offered to patients who were admitted with pPROM at our institution. Gestational age was determined based on the last menstrual period and first or second trimester ( 20 weeks) ultrasound results when available. This study was approved by the Institutional Review Board of the Seoul National University Bundang Hospital (project number B-1105/128-102). Patients provided written informed consent for the collection and use of AF, maternal blood, and CVF samples for research purposes. The primary outcome measure was MIAC.
Sample collection and preparation
After obtaining informed consent, transabdominal amniocentesis was performed under ultrasound guidance. AF was cultured for aerobic/anaerobic bacteria and genital mycoplasmas (Ureaplasma urealyticum and Mycoplasma hominis) as previously described [11] . The remaining AF was centrifuged at 1500×g, 4˚C for 10 minutes and aliquoted for storage at -70˚C until assay. At the time of amniocentesis, maternal plasma and CVF samples were obtained from all participants. CVF sample collection, processing, and storage have been previously described in detail [10] . Briefly, under sterile speculum examination, CVF samples were collected from the posterior vaginal fornix using sterile Dacron swabs (Puritan Medical, Guilford, ME, USA) placed for 15 seconds to absorb the cervicovaginal secretions. The Dacron swab was transferred to a tube containing 1 mL of sample buffer, and stored at -70˚C until further analysis. Maternal peripheral blood samples were collected in EDTA tubes, centrifuged for 10 min, and aliquoted for storage at -70˚C until assay. AF, maternal blood, and CVF samples were collected prior to administration of medications such as corticosteroids and antibiotics.
Inflammatory mediator assays
The AF, plasma, and CVF samples were assayed for pro-inflammatory cytokines [interleukin (IL)-6, IL-8, monocyte chemotactic protein-1 (MCP-1), macrophage inflammatory protein (MIP)-1α, and MIP-1β] using a multiplex immunoassay kit. The assay was performed using a bead-based Bio-Plex Pro™ Assay kit, a custom-designed five-plex cytokine kit, according to the manufacturer's protocol (Bio-Rad Laboratories, Hercules, CA). Prior to the simultaneous measurement of five cytokines, the AF and CVF samples were diluted 1:10 and plasma samples were diluted 1:4. The lower limits of detection for each cytokine in the AF and CVF were as follows: IL-6, 15.5 pg/mL; IL-8, 16.3 pg/mL; MCP-1, 10.4 pg/mL; MIP-1α, 12.0 pg/mL; and MIP-1β, 8.5 pg/mL. The lower limits of detection in the maternal plasma were 9.2 pg/mL for IL-6, 10.0 pg/mL for IL-8, 6.0 pg/mL for MCP-1, 0.2 pg/mL for MIP-1α, and 2.2 pg/mL for MIP-1β. In samples with cytokine levels that were lower than the lowest point on the standard curve, the lowest values of detection were used for analysis. The calculated intra-and interassay coefficients of variation were 4.6% and 4.1% for IL-6; 6.7% and 6.9% for IL-8; 6.1% and 6.2% for MCP-1; 6.6% and 7.2% for MIP-1α; and 5.4% and 5.1% for MIP-1β, respectively.
Management of pPROM and definitions
Management of pPROM has been previously described in detail [5, 10] . MIAC was defined as the presence of a positive AF result for microorganisms. Histologic diagnoses of chorioamnionitis and funisitis were established by the presence of acute inflammation in the amnion, chorion-decidual tissue, chorionic plate, and umbilical cord, according to definitions previously described in detail [12] . Clinical chorioamnionitis was defined according to the criteria proposed by Gibbs et al. [13] : fever (!37.8˚C) and the presence of two or more of the associated clinical findings (uterine tenderness, malodorous vaginal discharge, maternal leukocytosis, maternal tachycardia, and fetal tachycardia).
Statistical methods
Continuous data were first assessed for normality distribution by the Kolmogorov-Smirnov test and analyzed using Student's t-test and the Mann-Whitney U test, as appropriate. Categorical data were analyzed using the χ 2 test or Fisher's exact test. Receiver operating characteristic (ROC) curves for the prediction of MIAC were generated for each cytokine and for clinical variables, and used to determine the best cutoff values for each variable. The optimal cutoff values were chosen based on the Youden index [maximum (sensitivity + specificity)-1]. Each of the variables was dichotomized on the basis of the obtained cutoff value. A multivariate logistic regression analysis with these dichotomous independent variables was then performed using the backward stepwise technique to determine the best combination model for prediction of MIAC. Two separate models were constructed. Model 1 included cytokines in the AF obtained by an invasive technique (amniocentesis) along with clinical demographic variables (invasive model). Model 2 included only non-invasive parameters, such as cytokines in the maternal plasma and CVF, and clinical demographic variables (non-invasive model). Variables with a P-value of <0.05 from the univariate analysis were entered into logistic regression, and a Pvalue <0.05 was required for final inclusion in the model. The area under the ROC curve (AUC) was used to assess the discriminatory ability of the model, and the AUCs between models 1 and 2 were compared using the method of DeLong et al [14] . A Spearman's rank correlation test was used to assess the relationship between various cytokine levels of the AF, plasma, and CVF compartments. All reported P-values are two-sided, with a significance level of 0.05. All statistical analyses were conducted with SPSS for Windows version 21.0 (IBM SPSS Statistics, Chicago, IL, USA) and MedCalc Statistical Software version 13.3.1 (MedCalc Software bvba, Ostend, Belgium).
Results
Characteristics of the study population
During the study period, a total of 75 women with pPROM met all eligibility criteria and were included in the final analysis. The mean gestational age (± standard deviation [SD]) at sampling was 30.1 ± 3.6 weeks (range, 21.1 to 34.0 weeks). The mean admission (due to pPROM) to amniocentesis interval (± SD) was 5.0 ± 7.7 hours (median, 2.0 hours; range, 0 to 45.0 hours). The prevalence of MIAC was 43.2% (32/74), and the microbes isolated from the AF in 32 cases were Ureaplasma urealyticum (n = 22), Mycoplasma hominis (n = 19), Staphylococcus aureus (n = 2), Viridans streptococci (n = 2), Escherichia coli (n = 1), Haemophilus influenzae (n = 1), Streptococcus agalactiae (n = 1), gram-positive cocci (n = 1), and gram-negative cocci (n = 1). Polymicrobial invasion was present in 18 cases [56% (18/32)].
The clinical and demographic characteristics of the study population are described in Table 1 . Women with MIAC had a significantly lower median gestational age at sampling and delivered earlier and had a higher incidence rate of histologic chorioamnionitis than those without MIAC. Table 2 shows the median concentrations, P-values, AUC, and best cutoff values for all proteins in the AF, maternal plasma, and CVF in relation to the results of the AF culture. Five proteins in the AF, five proteins in the CVF, and one protein in the maternal plasma had significantly higher concentrations in samples from women with MIAC than in those without MIAC. However, MIP-1α and MIP-1β in the AF and IL-6 in plasma were not detected in significant quantities (undetectable in >10%) and were subsequently excluded from further analysis. As a result, the concentrations of the following eight proteins were significantly higher in cases with MIAC than those without MIAC; IL-6, IL-8, and MCP-1 in AF and IL-6, IL-8, MCP-1, MIP-1α, and MIP-1β in the CVF. The AUCs for these proteins in the AF and CVF ranged from 0.836 to 0.857 and 0.721 to 0.765, respectively. Table 3 shows the correlations among protein levels in the AF, CVF, and maternal plasma. Only proteins detected in significant quantities (>90%) are shown. There was a high positive correlation between protein levels in the CVF and AF compartments. However, none of the proteins in the maternal plasma were significantly correlated with those in the AF or CVF compartments. Within the AF and CVF compartments, protein levels were highly correlated, whereas within the maternal plasma, only MCP-1 and MIP-1β levels showed significant correlation.
Inflammatory proteins in maternal plasma, cervicovaginal and amniotic fluids
Development of a prediction model for MIAC
To develop the best prediction model for MIAC, cytokine levels in the AF, CVF, and maternal plasma along with clinical parameters were included in the multivariate analysis. Among clinical factors, only gestational age at sampling was included. The variables entered in the multivariate analysis were selected based on a P-value of <0.05 in univariate analyses and all continuous parameters were dichotomized using the cutoff values derived from the ROC curves.
In model 1 (invasive model), only high AF levels of IL-6 (>1488.7 pg/mL) and high AF levels of IL-8 (>988.46 pg/mL) were retained in the best prediction model ( Table 4 ). The Hosmer-Lemeshow test showed a P-value of 0.182 indicating an adequate model fit. In model 2 (non-invasive model), proteins in the CVF along with baseline variables were also included in the multivariate analysis. The final variables retained in the non-invasive model were earlier gestational age at sampling ( 31.4 weeks) and high levels of IL-6 (>310.79 pg/mL) in the CVF (Table 4 ). The Hosmer-Lemeshow test showed a P-value of 0.779 indicating an adequate model fit. 
Discussion
The principal findings of this study are as follows: (1) in women with pPROM, the levels of inflammatory proteins measured in the CVF were significantly correlated with protein levels in the AF, whereas none of the proteins in the maternal plasma correlated significantly with any in the AF or CVF; (2) protein levels measured in the AF and CVF were significantly higher in women with MIAC compared to those without, whereas only high levels of IL-6 in the maternal plasma showed a significant association with MIAC; and (3) the non-invasive model using clinical factors and CVF proteins was as accurate as the invasive model based on clinical variables and AF protein levels to predict the occurrence of MIAC. The latter is particularly relevant in a clinical perspective given the non-invasiveness of measuring biomarkers in the CVF and maternal plasma samples. This study is, to our knowledge, the first to directly compare inflammatory protein levels in the plasma, CVF, and AF compartments in relation to MIAC in women with pPROM [Searches of PubMed (January 1966 through February 2018), EMBASE (January 1966 through February 2018), and the Cochrane Library were conducted using the following search terms: 'preterm premature rupture of membranes', 'intraamniotic infection', 'amniotic fluid', 'blood', and 'cervicovaginal fluid' or 'cervical fluid' or 'vaginal fluid']. We found that the levels of inflammatory proteins measured in the CVF were significantly correlated with protein levels in the AF, whereas protein levels in the maternal plasma showed no correlation. Similarly, in the current study, inflammatory proteins in the CVF were elevated in the presence of MIAC, which is in line with previously published data in pPROM cases [10, [15] [16] [17] . However, we did not find different expression levels of inflammatory proteins (except for IL-6) in response to MIAC in the maternal plasma compartment. Collectively, these findings suggest that the potential use of CVF samples for non-invasive quantification of proteins for predicting MIAC is greater than that of maternal plasma in women with pPROM. In fact, this result is plausible considering that in pPROM small quantities of AF may spill into the vagina, thus the characteristics of the CVF mixed with AF leaked into the vagina may be similar to those of AF in the amniotic cavity. Contrary to the CVF samples, plasma is located in an area that is distal to the original site (i.e., the AF), where the host immune response to microorganisms occurs. Thus, it is particularly difficult for the maternal immune system in plasma to respond to either microbes or pro-inflammatory mediators produced in the amniotic cavity. Accordingly, future studies should utilize CVF samples, rather than those of maternal blood to identify novel noninvasive biomarkers for MIAC. In this regard, standardized methods to process CVF samples may be important for the assessment of MIAC. For example, in contrast to the current study, Cobo et al. did not find any significant elevation of inflammatory protein levels in the vaginal fluid (except for C-reactive protein) in the presence of MIAC [9] . Sampling methods for CVF may be a contributing factor for this discrepancy between our findings and those of Cobo et al [9] . In the study by Cobo et al., vaginal mucus samples were obtained by Cytobrush swab [9] , whereas cervicovaginal secretions at the posterior vaginal fornix were collected using the Dacron swab in the present study.
In addition, our finding that the diagnostic accuracy of the noninvasive model was similar to that of the invasive model in terms of MIAC differentiation is the first report that compares efficacy of non-invasive and invasive models for identifying MIAC [Searches of PubMed (January 1966 through February 2018), EMBASE (January 1966 through February 2018), and the Cochrane Library were conducted using the following search terms: 'noninvasive model', 'invasive model', 'preterm premature rupture of membranes', 'intraamniotic infection' or 'microbial invasion of amniotic cavity']. Similar observations have also been reported in studies involving histologic chorioamnionitis and imminent preterm birth in women with pPROM by our group [5, 18] . From a clinical perspective, our non-invasive model can be used as a screening method for MIAC rather than a diagnostic tool as the rational choice for antibiotic selection requires the identification of specific microorganisms through AF studies [19] . Moreover, this non-invasive model is also useful for predicting MIAC in women in whom amniocentesis is not possible due to oligohydramnios [20, 21] . Further studies are needed to examine whether this non-invasive model is useful for serial evaluation of patients to determine the response to the antibiotic therapy or to check for a possible ascending infection after the rupture of membranes.
In the current study, among the biomarkers measured in the maternal plasma, only the median IL-6 level differed significantly according to the presence or absence of MIAC, although it was not detected in significant quantities, which suggests a weak maternal inflammatory response in the plasma to MIAC. Similarly, Cobo et al. reported that a higher but weak expression of maternal serum IL-6 (20.8 vs. 13.9 pg/mL, P = 0.019), which was the only serum biomarker for MIAC, was observed in women with preterm labor (22+0 to 31+6 weeks of gestation) who had MIAC [22] . Taken together, the findings of our group and those of Cobo et al [22] . suggest that the status of the amniotic cavity may not be accurately reflected in the maternal blood and thus the assessment of inflammatory proteins in the maternal blood may be of limited clinical usefulness for identifying MIAC.
Consistent with the findings from previous studies on women with preterm labor with or without membrane rupture [8, 9, 23] , a more significant inflammatory response in the AF is observed in the presence of MIAC compared with the CVF or maternal plasma (Table 2) . These findings are not unexpected because the chemical mediators produced by microorganisms in the amniotic cavity are usually released more directly and intensely at the site of infection (i.e., AF), where the host immune response to microbial pathogens occurs, rather than in any site distant from the microorganisms.
The main strength of the current study is that we obtained samples from the AF, the maternal plasma, and the CVF simultaneously, which allowed for a direct comparison of the cytokine levels in these three compartments. This strengthens the evidence from the current study indicating that CVF cytokines are better markers than plasma cytokines for evaluating the infectious/inflammatory status in the AF. However, the major limitations of the current study include its retrospective nature, its use of a relatively small sample size from a single hospital, limited inflammatory protein assessment, and that the prediction models were not validated with test samples, which may limit the generalizability of the study findings. Larger prospective studies are needed to validate our non-invasive model in other study populations. Furthermore, this study was limited by relying on the use of traditional culture techniques to identify bacteria from the AF, and the lack of application of more sensitive molecular techniques (i.e., polymerase chain reaction) for determining the presence of bacteria in the samples. This cannot exclude the possibility of the presence of uncultivated microorganisms in the women with intra-amniotic infection. A further limitation was that we were unable to assay other inflammatory proteins that are generally considered to be the most relevant in intra-amniotic infections, such as IL-1β, IL-10, IL-18, and MMPs, because of limited research funding available [22] [23] [24] . Lastly, for the current study, the candidate proteins evaluated were selected because they had previously been associated with the presence of MIAC in several studies based on samples obtained from the plasma, CVF, or AF of women with pPROM and preterm labor [8, 9, 22, 23, 25] .
Conclusions
In conclusion, our study reveals that the levels of inflammatory proteins measured in the CVF were significantly correlated with protein levels in the AF, whereas none of the proteins in the maternal plasma correlated significantly with any in the AF or CVF. Furthermore, we have developed a non-invasive model using clinical factors and CVF cytokine concentrations that acts a good predictor of the risk of MIAC in women with pPROM. However, the assessment of inflammatory markers in the maternal plasma may be of limited clinical usefulness for the identification of MIAC in this setting.
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